Figure 1. Structural Determinants for Glycine-Independent Desensitization
In this and the following figures, a schematic representation of the chimeric constructs is shown on the left. The axis at the top indicates in (A) the residue number within the NR2A sequence. The axis at the top of (B) indicates the residue number within the NR2C sequence. The contribution of the NR2A and NR2C subunits to each chimera is shown in white and black, respectively. In the center, the extent (closed circles, left plot) and speed (open triangles, right plot) of desensitization are shown. The extent of desensitization was measured at Ϫ60 mV as the percentage of current loss after a 3 s application of a saturating glutamate solution (200 M) in the presence of a saturating concentration of glycine (20 M). The confidence interval of desensitization of the NR2C and NR2A parental receptors is represented by the vertical shaded columns (n ϭ 27 and 28, respectively). Each point represents the mean Ϯ SEM (n ϭ 5-21). The weighted mean time constant was calculated to evaluate the speed of desensitization ( w ϭ Afast · fast ϩ A slow · slow, where A is the relative amplitude of each exponential component and is the corresponding time constant). The vertical shaded column of the right plot represents the confidence interval of the weighted time constant of NR2A receptors (n ϭ 28). The records illustrated are averages of four to seven consecutive responses obtained at 20 s intervals. To facilitate comparison, records have been scaled to the same peak amplitude. Nonfunctional chimeras are not shown. (A) Chimeras AC. The amplitude of peak responses shown were 199 pA and 21 pA for AC 626 and AC553, respectively. The off phase of AC 626 has been truncated to eliminate the response evoked by voltage ramps applied in this experiment. (B) Chimeras CA. Peak inward currents were 1388 pA and 1537 pA for CA612 and CA564, respectively. (C) Chimeras ACA. The peak inward current for A(C2)A was 494 pA. (D) Chimeras CAC. The peak inward current for C(A2)C was 285 pA. Note the different scale of the desensitization axis in (A) and (B) versus (C) through (D).
remaining after a 3 s application of 200 M glutamate NR2A is necessary to induce desensitization. However, the increase in the extent of desensitization of the chito the peak current, and glycine-dependent desensitization was minimized by including a saturating concentramera A(C5)A ( Figure 1C ) suggests that module 5 may play a modulatory role in the overall phenomenon. Furtion of glycine (20-200 M) . Because the recording was more stable at negative potentials, glutamate-induced ther experiments will be necessary to characterize the role of this region. responses were measured at Ϫ60 mV (in the absence of Mg 2ϩ ). However, we also evaluated desensitization at 60 mV in order to override any residual calciumLocalization of Module-2-Dependent Desensitization dependent inactivation. To evaluate the desensitization kinetics, one or two exponential functions were fitted
To identify more precisely the region critical for desensitization, module 2 was subdivided into three segments to the onset of desensitization as appropriate, and the weighted time constant was estimated (w; see Experireferred to as 21, 22, and 23, and the module-1-dependent component was eliminated by using chimeras into which mental Procedures). Figure 1 shows the results obtained with CA, AC, CAC, and ACA chimeras. The constructs the NR2C module 1 was incorporated (Figure 2 ). Desensitization was present in chimeras that included the first that included either the N-terminal or the first putative transmembrane domain from NR2A, or both, presented four amino acids preceding M1 of NR2A (i.e., segment A2 1 ; C[A2 1-2 ]C and C[A2 1 ]C) into NR2C, but not in cona desensitizing phenotype (modules 1 or 2; Figure 1 ). Conversely, desensitization was absent in chimeras that structs in which this pre-M1 segment was not replaced (C[A2 2-3 ]C and C[A2 3 ]C; Figure 2A ). Of these four amino included modules 1 and 2 from NR2C ( Figures 1B and  1D ). These data indicate that either module 1 or 2 from acids, three differ when we compare NR2A with NR2C Same layout as in Figure 1 . All chimeras had the first 563 N-terminal residues from NR2C (in black) to eliminate module-1-dependent desensitization. The current traces on the right are the averages of 5-11 responses to the agonist, each from the same cell.
(A) Chimeras exchanging fragments of segment 2 in an NR2C backbone (n ϭ 5-21). Segments A2 1 , A2 2 , and A2 3 started at positions 564, 568, and 590, respectively. (B) Chimeras exchanging the initial cluster of residues preceding M1 in a backbone with the NR2A C-terminal residues (n ϭ 5-29). The peak currents for the traces on the right were 407, 142, and 134 pA for CA 564 A566P and CA567 at Ϫ60 mV and at 60 mV, respectively (the last two records were obtained in the same cell).
(C) Point and double mutants in a NR2C backbone (n ϭ 5-9). The peak responses were 57 and 79 pA for NR2C A567S and NR2C P566A/ A567S, respectively. The bottom left legend corresponds to the amino acid sequences flanking the first membrane domain, indicating the three residues that differ between NR2A and NR2C.
(D) Mutation S567D in CA 564 ( Figure 1B ) to recreate the sequence of NR2B (n ϭ 3). The peak response was 267 pA.
( Figure 2C , bottom). Replacement of these three amino A566P. This chimera only differs from CA 567 at position 564 ( Figure 2B ). Thus, F564 (F553 in NR2A) has some acids in CA 564 generated a chimera in which all the residues subsequent to S567 corresponded to NR2A and influence on desensitization.
Comparison of the NR2 isoforms reveals an identical did not desensitize (CA568; Figure 2B ). The behavior of these chimeras indicates that this cluster of residues is sequence in the pre-M1 region for the nondesensitizing NR2C and NR2D subunits. On the other hand, there also involved in desensitization, and that no residues downstream of this point (which corresponds to S556 is an amino acid difference between the desensitizing NR2B and NR2A subunits. The corresponding S556 in in NR2A) are sufficient for supporting this process.
Each of these three residues in CA 564 were mutated NR2A is replaced by aspartate in NR2B (D557). To test the influence of this residue, we substituted S567 with to their NR2C counterpart. All three-point mutants displayed desensitization, ranging from 22%-31% (Figure aspartate in CA 564 , and the resulting chimera displayed a clear desensitization (CA 564 S567D; Figure 2D ). This 2B). The double mutant F564Y/A566P (i.e., CA 567 ; Figure  2B ) similarly displayed a degree of desensitization that result implies that the NR2B subunit can also support pre-M1-dependent desensitization. could not have been due to residual calcium-dependent inactivation, since it was also present at 60 mV ( Figure  2 ). The extent of desensitization was indistinguishable Localization of Module-1-Dependent Desensitization from that of NR2C receptors when the double mutation A566P/S567A was introduced (CA568 F564Y; Figure 2B ).
To localize the residues responsible for the module-1-dependent component of desensitization, we first elimiThe role of the residues at positions 566 and 567 in NR2C was further tested by mutating them to the correnated the pre-M1-dependent component by introducing into an NR2A backbone the triple mutation F553Y/ sponding amino acids in NR2A. Both mutants, NR2C P566A and NR2C A567S, displayed desensitization, A555P/S556A, creating chimera AЈ (Figure 3 ). The N-terminal domain was then divided into six segments deconfirming that both residues are critically involved in this process ( Figure 2C ). However, their contributions nominated N1-N6 as indicated in Figure 3 . The agonistbinding domain S1 encompasses part of segment N4, were not additive, as the double mutant NR2C P566A/ A567S presented a similar extent of desensitization (Figsegments N5 , and N6. No residues in segments N1 through N3 have been implicated in glutamate-binding. ure 2C). The desensitization shown by the chimera CA 567 is markedly reduced compared to that of chimera CA 564 Increasing numbers of segments were replaced in AЈ, , 1993) , and the S1 domain (Stern-Bach et al., 1994) . All chimeras have the NR2A backbone (in white) with the triple mutation (F553Y/A555P/S556A) to eliminate pre-M1-dependent desensitization. The traces on the right are the average of three to five consecutive responses to the agonist. (A) Chimeras replacing increasing segments from the N-terminal (n ϭ 5-17). The peak inward currents were 284 and 639 pA for AЈ and AЈ(CN1-3), respectively. The trace shown for chimera AЈ(C N1-2) was recorded at ϩ60 mV, and presented a peak current of 316 pA.
(B) Chimeras replacing increasing segments from the first transmembrane domain (n ϭ 3-7). The peak current for AЈ(C N6) was 31 pA.
(C) Chimeras with individual internal segment replacements (n ϭ 5-9). The peak currents were 137 and 772 pA for AЈ(C N5) and AЈ(CN2), respectively.
commencing with segment N1, which yielded a nonfuncnot play a major role in this process. Chimera C(A N1-3 ) had the same N-terminal configuration as the nondesentional chimera ( Figure 3A ; data not shown). Desensitization was dramatically reduced in all constructs in which sitizing chimera AЈ(C N4-6 ) and did not desensitize (compare Figures 3B and 4A ). Incorporating the segments N1 segments N2, N3, or N4 were replaced alone or in combination ( Figures 3A through 3C ), but not in chimeras that through N4 from NR2A into NR2C receptors generated a configuration similar to that of the desensitizing chimera replaced only segments N5, N6, or both ( Figures 3B and  3C ). These results indicate that residues in segments AЈ(C N5-6 ) ( Figure 3B ), and a desensitizing phenotype was expected. However, very small currents were recorded N2 to N4 are critical for desensitization, setting the lower and upper limits at residues 221 and 414, respectively.
when the construct C(AN1-4) was expressed, but in one cell a peak current of 5 pA was reached and a clear Desensitization in chimeras replacing segment N2 or N3 was as displayed by the NR2C subunit, even when the desensitization observed ( Figure 4A ). Segment N3, both alone and in combination with N4 or N2, was insufficient glutamate concentration was increased 5-fold to 1 mM (data not shown). This was somewhat surprising, conto introduce desensitization in NR2C receptors ( Figure  4B ). Taken together, the results indicate that the segsidering that the chimera in which segments N1 and N2 was replaced still displayed desensitization above the ments N2, N3, and N4 are necessary, and probably sufficient, to promote desensitization. However, we were not levels shown by NR2C, which could not have been due to residual calcium-dependent inactivation, since it was able to test this hypothesis directly because the chimera in which these segments were exchanged was nonfuncalso observed at 60 mV ( Figure 3A) . Residues outside the boundaries of segments N2 to N4 contribute to the tional (C[A N2-4 ]; Figure 4B ), as previously reported for a similar chimera (CAC III; see Kö hr et al. 1994) . Therefore, kinetics of desensitization as manifested by the slower time course relative to AЈ when segment N6 (with or segments N2, N3, and N4 are required for desensitization, but segment N6 is additionally necessary to estabwithout segment N5) was substituted ( Figure 3B ). In other words, segment AN6 is not required for desensitizalish a fast time course. In other words, the N-terminal region of NR2A is structurally coupled in terms of its tion, but it seems to be coupled to other regions of the N-terminal domain to participate in the process.
ability to confer the properties of desensitization.
Properties of Desensitization N-Terminal Segments Are Sufficient to Endow Desensitization
It has been observed that desensitization of recombinant receptors increases over the first 15-20 min of To determine which parts of the N-terminal domain are sufficient to induce desensitization, various segments whole-cell recording (Medina et al., 1995) . In our recording conditions, desensitization increased in cells were substituted in an NR2C backbone (Figure 4 ). Replacement of segments N2 to N6 generated a desensitizexpressing NR2A subunits after 15 min (1.8 Ϯ 0.3 fold, n ϭ 6) but not in cells expressing NR2C subunits (n ϭ ing chimera (C[A N2-6 ]), indicating that segment A N1 does 6; data not shown), suggesting that the NR2C backbone since these segments lie outside the S1 domain that harbors the binding pocket (Stern-Bach et al., 1994; does not support this time-dependent increase of deLaube et al., 1997) . Rather, the suppression of desensitisensitization. However, a clear increment in the extent zation induced an acceleration of the off rate, it being of desensitization was observed in NR2C P566A (1.8 Ϯ slightly faster in these two nondesensitizing chimeras 0.2 fold, n ϭ 3; Figure 5A ), along with a slight increase than in NR2A ( off-AЈ[CN2] ϭ 49 Ϯ 3 ms, n ϭ 6; off-AЈ[CN3] ϭ in the onset rate of desensitization (the time constant 38 Ϯ 1 ms, n ϭ 4; Figure 6 ). This result indicates that became 75% Ϯ 10% of the control value after 10 min, abolishing desensitization does not increase the binding n ϭ 3). In contrast, although run-down of the response affinity for glutamate. was observed, desensitization did not develop in a nondesensitizing chimera in which all the intracellular resiPre-S1-and Pre-M1-Dependent Components dues corresponded to NR2A (CA568, n ϭ 3; Figure 5B ).
of Desensitization Could Be Isolated and These results demonstrate that extracellular N-terminal Are Present in Hippocampal Neurons residues of the subunit NR2A are necessary and suffiThe analysis of all the chimeras studied revealed that cient for the time-dependent increase in desensitization.
the glutamate-induced responses desensitized followLike glycine-independent desensitization, calciuming three kinetics: faster, slower, and similar to wilddependent inactivation is a property conferred by NR2A type NR2A. The desensitization onset rate was related subunits but not by NR2C subunits (Krupp et al., 1996) .
to the molecular structure of the chimeras, rather than to This raises the possibility that both processes depend current magnitude. Slower responses were associated on common structural determinants. Calcium-depenwith chimeras incorporating the pre-M1 residues and dent inactivation was evaluated in a chimera that did excluding the N-terminal domain (module 1) from NR2A not present glycine-independent desensitization (CA 568).
(Figures 2 and 5, see also Figure 7 ), and faster responses When the concentration of the internal calcium chelator were associated with the presence of module 1 and EGTA was decreased from 10 mM to 0.1 mM, a clearabsence of the pre-M1 segment of NR2A (Figures 1 and time dependent reduction in current was observed (Fig-3) . Responses with a time course similar to NR2A were ure 5B). Thus, glycine-independent desensitization and associated with chimeras incorporating both module 1 calcium-dependent inactivation do not share critical and module 2 from NR2A ( Figure 1 ). However, chimera molecular determinants.
AC 626 was an exception to this rule since its rate of To determine whether agonist affinity was modified desensitization was slightly faster than that of NR2A as a consequence of the mutations that suppressed ( Figure 1A ), suggesting that more C-terminal modules desensitization in NR2A, we measured the current off can also affect the rate of desensitization. Taken together, rate after glutamate removal. The competitive antagothese results indicate that there are two processes of nist D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5) desensitization, one that depends on the pre-S1 region was included in the wash solution at a concentration of (segments N2 to N4), and the other that depends on the 100 M to prevent glutamate reassociation. The off rate pre-M1 residues. Indeed, the pre-M1-dependent desendepends on the dissociation rate, as well as on the sitization could be isolated by substituting the amino transitions to and from the desensitized state (Lester acid cluster YSPA556 in AЈ(C N2 ) and AЈ(C N3 ) by the original and Jahr, 1992). The affinity of NR2C-containing recep- . Although the N-terminal configuration a difference that is reflected by a faster off rate for NR2A-is different, both constructs desensitized to a similar than for NR2C-containing receptors. We determined the extent following a pronounced slow time course (Figure off time constants to be 54 Ϯ 2 ms (n ϭ 16) and 362 Ϯ 7). Furthermore, a robust slow desensitization was still 9 ms (n ϭ 3) for NR2A and NR2C, respectively. A depresent after deleting segments N2 and N3 in NR2A crease in the off rate was not observed in chimeras (construct A[⌬ N2-3 ], Figure 7 ), indicating that determiwhere the N2 or N3 segments were replaced (AЈ [C N2 ] nants critical for the pre-S1-dependent component are not required for pre-M1-dependent desensitization. and AЈ[C N3 ], respectively), a result that was expected Sample sizes (left to right) were 6, 4, and 16, respectively. For a scheme of these chimeras see Figure 3C .
expressing A(CN2) the current decay was well described by a single and slow exponential process (onset ϭ 1.4 Ϯ 0.2 s, n ϭ 5; Figure 8A ). Figure 8B shows a box plot of the time constant measured for the different constructs. The time constant of desensitization of AЈ was similar to the fast component of NR2A desensitization, whereas the time constant of A(C N2 ) was comparable to the slow component of desensitization of NR2A ( Figure 8B ). 302 Ϯ 69 ms, n ϭ 10), whereas in a chimera that desensitizes slowly, recovery was slower (A[C N2 ], recovery ϭ 1.3 Ϯ 0.3 s, n ϭ 7). These results indicate that each process To get an insight into these apparently different types of desensitization, we measured the time course of deoccurs in the absence of the other, and that they coexist in wild-type receptors with similar properties. sensitization in response to prolonged agonist applications (3-6 s) in selected chimeras ( Figure 8A ). We used NMDA receptors of hippocampal neurons include NR2A and NR2B subunits ; Wenzel an intracellular solution containing the rapid calcium chelator BAPTA to eliminate any residual calciumet al., 1997). Since both subunits are endowed with the pre-M1 molecular determinants that support the slower dependent inactivation. In NR2A receptors, the onset of desensitization was well described by a double-expocomponent of desensitization (Figure 2 ), we hypothesized that this component should be present together nential function in six of nine cells ( onset-fast ϭ 386 Ϯ 72 ms, onset-slow ϭ 2.0 Ϯ 0.2 s; Figure 8A ; see also Medina with the better known rapid desensitization in hippocampal NMDA receptors. Although a detailed kinetic et al., 1995) whereas a single-exponential function produced good fits for the desensitization time course of analysis was not carried out, desensitization was evaluated in cultured hippocampal neurons under conditions AЈ( onset ϭ 379 Ϯ 42 ms, n ϭ 6; Figure 8A ). In all cells Figure 1 . Left, schematic representation of the N-terminal region of chimeras A(C N3 ), A(C N2 ) and the construct A(⌬ N2-3 ), designed to isolate the pre-M1-dependent component of glycine-independent desensitization. These chimeras have a NR2A backbone, including the cluster of residues at the interface between the N-terminal domain and M1. All points are the average of three to five cells. The construct A(⌬ N2-3) was generated by deleting segments N2 and N3 from NR2A. The traces on the right are the averages of four current responses, each in the same cell. The peak current was 61 and 39 pA for A(C N3) and A(⌬ N2-3), respectively. A current response of A(CN2) is illustrated in Figure 8 .
that avoided activation of other glutamate receptors (see desensitization presented different rates of recovery. In Figure 8D , the result of consecutive glutamate applicaExperimental Procedures). The rapid application of glutamate generated a response that revealed both fast tions to a cultured hippocampal neuron is shown. The second application was delivered 2 s after the first, and slow components of desensitization ( Figure 8D) , with time constants of 172 Ϯ 12 ms, and 1.8 Ϯ 0.2 s enough time to permit substantial recovery of the faster component, while insufficient for the recovery of the (n ϭ 7; Figure 8B , inset). In addition, as in recombinant receptors, both components of native NMDA receptor slow component. A third pulse of glutamate, delivered 30 s after the second, again revealed both slow and fast channel inactivation (Hoshi et al., 1991) , the kinetics of pre-M1 and pre-S1 dependent desensitization may components of desensitization. These results indicate that a fast and a slow component of desensitization are overlap depending on the presence of other segments that do not appear to be critically involved in desensitizapresent in native NMDA receptors and that they can be dissected out in chimeric constructs.
tion. For instance, N6 from NR2C slowed down pre-S1 dependent desensitization kinetics of AЈ subunits ( Figure 3B ).
Discussion
Homology to bacteria periplasmic proteins and mutagenesis experiments indicate that the binding site of In the present study, we have identified structural deterglutamate receptors forms a bilobate structure. The bigminants important for NMDA receptor desensitization.
ger lobe I is formed by residues in S1 (including the final Our results illustrate that glycine-independent desensitiportion of segment N4, and segments N5 and N6 in our zation consists of two processes that have different nomenclature; Figure 3 ), intertwined with a portion that onset and recovery kinetics. Separate domains of the includes a stretch from the distal region of S2 (from receptor molecule are responsible for each process and residue ‫037ف‬ to ‫;618ف‬ e.g., Hirai et al., 1996 ; Laube et both localize to the extracellular N-terminal region of al., 1997; Swanson et al., 1997) . The proximal region of the NMDA receptor. One corresponds to a stretch of S2 (from residue ‫656ف‬ to ‫)027ف‬ folds to form lobe II ‫091ف‬ amino acids preceding the glutamate-binding doand is partially overlapped by module 5 (our working main S1. The other localizes at the interface between nomenclature, Figure 1 ). According to the "Venus flythe N-terminal segment and the first transmembrane trap" model (Mano et al., 1996) , the agonist binds first domain of NR2A subunits and involves A555 and S556.
to lobe I establishing an "open" bound configuration Although with the present approach only the role of and then collapses into lobe II forming a "closed" bound domains that are different between NR2A and NR2C configuration (Sack et al., 1989; Hsiao et al., 1996) . The subunits could be identified, it is worth noting that the "open" configuration is likely to represent the conformalocalization of structural determinants important for detion from which channel opening can occur (Laube et sensitization contrasts with those described for other al., 1997; but see Swanson et al., 1997 ; see also Benvenglutamate receptors (Sommer et al., 1990; Lomeli et al., iste and Mayer, 1995) . The increase in the extent of 1994; Mosbacher et al., 1994; Mano et al., 1996 ; Partin desensitization of chimera A(C5) ( Figure 1C ), in which et al., 1996) and unrelated ligand-gated channels (Revah module 5 (in lobe II) is exchanged, and the influence of et Yakel et al., 1993; Campos-Caro et al., 1997) . segment N6 (within lobe I) in the kinetics of the process The conclusion that glycine-independent desensitizasuggest that these domains may interact directly or indition is the result of two processes is based on the obserrectly with segments critically involved in desensitizavation that each component can occur in the absence tion. We propose that an interaction of part of S1 in lobe of the other. Only the change of one residue at the I, or module 5 in lobe II, or both, with the LIVBP-like interface between the N-terminal region and the M1 doregion may stabilize the "closed" configuration, uncoumain (either A555 or S556 in NR2A) is sufficient to permit pling the binding domain from the gate of the pore (i.e., marked desensitization of the NR2C receptors. In condesensitized configuration; Mano et al., 1996) . This trast, the pre-S1-dependent component of desensitizamodel predicts that peptides derived from the LIVBPtion depends on an extended portion of the N-terminal like region will induce desensitization when added to domain. Alteration of the segments N2 or N3 within the nondesensitizing constructs. region homologous to LIVBP (Sack et al., 1989; O'Hara Regarding the pre-M1-dependent process, the proet al., 1993), or segment N4, which links the LIVBP-like vocative position of A555 and S556 in NR2A at the interregion with the S1 domain, is sufficient to annul this face between the N-terminal domain and M1 suggests process. Glycine-independent desensitization of NMDA that this component of desensitization may be the result receptors resembles potassium channel inactivation in of a constriction in the external vestibule of the pore, that it is the result of two processes, one of which dewhich is formed by the M2 segment (e.g., Kuner et al., pends on a proximal portion of the N-terminal domain 1996) . This idea has been suggested for C-terminal (N-terminal inactivation in Shaker), whereas the other Shaker potassium channel inactivation (Hoshi et al., depends on residues in or near a transmembrane do-1991). Similar to the pre-M1-dependent component of main that probably flanks the pore (C-terminal inactivadesensitization, a residue in transmembrane domain S6 tion in Shaker; Hoshi et al., 1990 Hoshi et al., , 1991 . In Shaker potasflanking the H5 pore-forming segment and situated tosium channels it has been shown that when one ward the extracellular side has been found to be critical component of inactivation is removed, the time course for Shaker C-terminal inactivation (Hoshi et al., 1991) . of the remaining component is slower as a result of the coupling between C-terminal and N-terminal inactivation (Hoshi et al., 1991) . In contrast, in NMDA receptors
The Structural Determinants as Allosteric Effectors for NMDA Receptor Desensitization the time course of one component remained unaffected when the other was eliminated. This is consistent with During prolonged recording there is an increase in the extent and speed of desensitization both in native and the idea that the desensitization process supported by each structural element is not coupled to the other. recombinant receptors (Sather et al., 1992; Medina et al., 1995) . We found that the extent of desensitization Indeed, deletion of the N 2-4 pre-S1 segment in NR2A subunits rendered receptors that slowly desensitized.
conferred to NR2C receptors by the mutation P566A increased with time ( Figure 5B ). The increase in native However, as also indicated by studies on potassium exchange segment N3, a BsrGI restriction site was introduced in receptor desensitization is mediated by calcineurin, the NR2A sequence leading to the mutation S384Y/L385M. The which dephosphorylates a site previously phosphoryintroduction of these mutations did not affect the extent or time lated, possibly by a cAMP-dependent protein kinase course of desensitization. Construction of other chimeras followed (PKA; Tong and Jahr, 1994; Raman et al., 1996) . The the PCR-based overlap extension method using internal NR2A/2C regions critical for desensitization that we have identihybrid primers (Ho et al., 1989) . The boundaries for these were at (segment, position in NR2A/C): segment N2, 343/353 and segment fied cannot be targets for phosphorylation because they N4, 414/424 . The boundary between modules 21 and 22 was at posiare localized in extracellular domains. However, they tion 557/568, and module 23 started at position 577/588. To delete are an absolute requirement for the time-dependent in-N2 and N3 segments the SalI-BsrGI fragment was eliminated, and crease of desensitization. Consequently, if desensitizathe plasmid was religated after filling the ends with Klenow. The tion is controlled by the state of phosphorylation of the exchanged fragments were fully sequenced in both directions.
NMDA receptor or a closely associated protein, these molecular determinants of desensitization must be re- NMDA receptor molecule critical for NMDA receptor de-
The borosilicate glass electrodes had resistances of 3-6 M⍀ and series resistance was compensated by 30%-50% when the current sensitization are localized extracellularly and therefore responses exceeded 400 pA. Solutions were delivered using a fast accessible to exogenous compounds from the extracelperfusion system (Lerma, 1992) . One or two exponential functions lular space. These results should encourage the search were fitted to the onset of current desensitization, and the weighted for desensitization-promoting drugs with therapeutic mean time constant was evaluated as w ϭ Afast· fast ϩ Aslow · slow, value for diseases associated with NMDA receptor overwhere A is the relative amplitude of the exponential component.
activation.
Unless otherwise stated, the extracellular solution was (in mM): 162.5 NaCl, 2.5 KCl, 0.5 CaCl 2 , 10 glucose, 10 HEPES, and 0.02 glycine (pH 8.4 with NaOH; 325 mOsM). An alkaline pH was used Experimental Procedures to evoke bigger currents (Traynelis and Cull-Candy, 1990 ). The intracellular solution was (in mM) 126.5 CsCH 4SO3, 10 CsCl, 5 MgCl2, 0.5
NMDA Receptors Subunits and Construction
CaCl 2, 10 EGTA, and 10 HEPES (pH 7.3 with CsOH; 310 mOsM). In of Chimeric Subunits some experiments BAPTA substituted EGTA, and 2 mM CaCl 2 was The cDNAs of NR2A, NR2C, and chimeras were inserted into eukaryincluded. The records were acquired during the initial 3-5 min of otic CMV promoter-containing plasmids or pMT2-derived expresrecording unless otherwise indicated. To isolate NMDA currents, sion vectors (Swick et al., 1992) . Most chimeras were generated by hippocampal neurons were recorded in the extracellular solution exchanging restriction fragments between cDNA sequences of the supplemented with (in M) GYKI-53655 100, TTX 0.5, Strychnine 1 appropriate parental cDNA, NR2A, NR2C, or appropriate chimeras.
and CNQX 100, using the BAPTA-containing intracellular solution. The restriction sites used were already present or were introduced All data are presented as mean Ϯ standard error (n ϭ number of by a PCR-based strategy for introducing multiple silent point mutaexperiments), unless otherwise indicated. tions at equivalent positions using BioTools thermostable polymerase (Villarroel and Regalado, 1997) . The silent sites introduced or present to exchange modules 1-8 were (site, position in NR2A/2C): Acknowledgments XbaI, 550/561; MunI, 600/611; SpeI 626/637; NheI, 644/655; KpnI, 685/696; ClaI, 814/825; and XhoI, 864/873 . To help understand the We thank Prof. S. Nakanishi for the generous gift of the cDNAs coding for NMDA receptor subunits, T. Hughes for the plasmid conresults, the boundary between modules 1 and 2 is indicated at the position where the first residue differs between NR2A and NR2C taining GFP, and Elli Lilly and Co (Indianapolis, USA) for providing us with GYKI 53655. We also thank G. Porras and Dr. A. Díaz from the (553/564). A silent EcoRV site was introduced at position 462/473 at the boundary between segments N5 and N6. To exchange segAutomatic DNA Sequencing Service at Centro de Investigaciones Bioló gicas (CSIC, Madrid), and Drs. M. A. Nieto and M. Sefton for ment N1 (Figure 3) , a SalI restriction site was introduced in the NR2A sequence, leading to the double mutation K221Q/I222V. To critical reading of the manuscript. We also thank Dr. M. Casado
